ABSTRACT The study of material damage and its physical mechanisms, the deep understanding of material performance degradation processes, and the improvement of key materials and devices used in a space environment are undoubtedly of critical scientific importance. This work investigated the mechanical properties and microstructures of the Ti-6Al-4V alloy subjected to thermocycling in a simulated low Earth orbit (LEO) space environment by using microhardness tests, X-ray diffraction, scanning electron microscopy, and transmission electron microscopy. The results revealed an initial increase in hardness with the number of cycles, followed by a subsequent decrease. After 300 thermal cycles, many cavities were formed at the two-phase interface of the Ti-6Al-4V alloy. The dominating structures were transformed into dislocation cell substructures of larger size. After 500 cycles, the central structures in the sample were subgrains evolving by dislocation cells, as well as intragranular twins and jogs structures. The relationship between microstructural evolution and thermal fatigue in LEO space environment was discussed, which may help predict the fatigue damage of materials.
INTRODUCTION
Owing to its low density, high specific strength, strong corrosion resistance, high toughness, and good high-temperature properties, the Ti-6Al-4V alloy has been widely used as structural material in space vehicles [1] [2] [3] [4] . During a long period of service in space, mostly in the low Earth orbit (LEO) space environment, the Ti-6Al-4V alloys are subjected to severe thermal cycles (approximately between −110 and 140°C), withstanding great temperature differences during the day-night cycle (intervals of 90 min) [5] [6] . Rapid temperature changes combined with large temperature gradients inside the materials can induce the thermal fatigue (TF) loading, which has a crucial effect on the stress state and mechanical properties of the materials [7] [8] . Thus, after prolonged use in LEO space, TF may induce fracture failure of the components. Therefore, TF is an important phenomenon for the aeronautical materials serving in the LEO environment.
To understand the effect of TF damage in the LEO space environment, it is necessary to investigate the microstructural evolutions of the samples subjected to the thermal cycles. As in-flight experiments are expensive and time-consuming, ground simulations have been widely performed to verify the effects of the LEO environment [9] . However, during the course of the simulated LEO thermal cycling (from −110 to 140°C, which is difficult to control), the variation of the alloy structure may be still very slow. Therefore, the initial structure must heavily affect the subsequent behavior of the alloy. In this study, the effects of thermocycling on the microstructure of the Ti-6Al-4V alloy in the temperature range from −197°C (temperature of liquid nitrogen) to 200°C were investigated. Here, we focused on the relationships between microstructure and hardness of the Ti-6Al-4V alloy subjected to the thermal cycles. The results of this work will be beneficial for understanding the mechanism of TF damage in the LEO space environment.
EXPERIMENTAL METHODS
The Ti-6Al-4V alloy, investigated in this study, has a nominal chemical composition of (wt.%) 6.28 Al, 3.97 V, 0.18 O, 0.052 Fe, 0.0062 N, 0.008 C, and balanced Ti. The shapes and dimensions of the specimens used for cycle fatigue testing are shown in Fig. 1a . To simulate the temperature changes of the spacecraft surface, all specimens subjected to thermal fatigue tests were treated by using a GSL1300X vacuum tube type furnace in Ar atmosphere for 10 min at 200°C, and then cooled quickly in liquid nitrogen (−197°C).
The microstructural characterization of the specimens was comprehensively performed by using transmission electron microscopy (TEM; JEOL-2100) and scanning electron microscopy (SEM; JEOL-JSM-7001F). To identify the phases, X-ray diffraction (XRD; Rigaku D/max-2500/pc) was conducted with CuKα radiation at 35 kV and 25 mA in a continuous scanning mode (0.2°min −1 ). Vickers hardness measurements were performed by applying a load of 0.98 N for 15 s on the selected specimens to evaluate the mechanical properties after the thermocycling experiments. For the TEM analysis, samples were sliced from the specimens by using a low-speed diamond saw; they were then polished, dimpled, and twin-jet electropolished. The electrolyte was comprised of 6% perchloric acid, 36% butanol, and 60% carbinol.
RESULTS AND DISCUSSION
The microhardness of the Ti-6Al-4V alloy as a function of the number of thermal cycles is shown in Fig. 1b . No significant change in microhardness is observed in the tested sample after 100 thermal cycles. However, a remarkable increase can be seen between 100 and 200 cycles; notably, the microhardness reaches its maximal value at 200 cycles, considerably exceeding its original value. After 200 cycles, the hardness decreases by increasing the number of thermal cycles. Additionally, the softening rate is higher between 200 and 300 cycles, and between 400 and 500 cycles. These results reveal that, after thermocycling in a simulated LEO space environment, the Ti-6Al-4V alloy exhibits clear cyclic softening.
The XRD patterns of the Ti-6Al-4V specimens subjected to thermocycling are shown in Fig. 1c . All samples consist of α and β phases. After 500 thermal cycles, the Ti-6Al-4V alloy is mainly comprised of α phase. After Stokes [10] deconvolution, the physical broadened profile and its corresponding Fourier coefficients A(L) were obtained; the two components, i.e., the "particle" coefficient A P (L) and "strain" coefficient A S (L), were then separated according to: [11] A L a L D ( ) ,
where a is a quantity expressing the "hook" effect, L is the specific length perpendicular to the reflecting planes, D eff is the average "effective" coherent domain size, and β c and β g are the Cauchy and Gaussian widths of the strain-broadened profile, respectively. By applying the standard curves and procedures described in [11, 12] , the average dislocation density ρ and configuration parameter M were obtained. The stored elastic energy density E/V was then directly obtained by:
where A is equal to 1/4π for screw dislocations and 1/4π(1−ν) for edge dislocations, ν is the Poisson's ratio, G is the shear modulus, B is the dislocation strength, and r 0 is the dislocation nucleus radius. Based on the XRD data, (E/V) 111 was calculated by Equation (3), and thus the average dislocation density after thermal cycles was estimated. As shown in Fig. 1d , the dislocation density increased with the number of thermal cycles. Fig. 2 shows the SEM images of the Ti-6Al-4V alloy before and after thermal cycling. Fig. 2a shows the typical bimodal microstructure of the Ti-6Al-4V alloy in the original sample. The initial structure consisted of a mixture of lath-structure α phase and intergranular β phase in an α phase matrix. In this micrograph, the dark regions indicate the α phase, while the white regions represent the β phase; the latter were distributed almost continuously along the boundary of the α phase. After 300 cycles, as shown in Fig.  2b , the primary α phase fraction clearly increases, showing some elongation. Moreover, a large quantity of cavities appear at the two-phase interface, as indicated by the arrows in the enlarged image in the inset of Fig. 2b . Fig. 2c clearly shows the morphology of the sample after 500 cycles of thermal cycling. The long strips of α grains were significantly reduced, and the α phase acquired a rounded structure. In addition, the continuity of the β phase in the α-phase grain boundaries degraded. The number of cavities at the two-phase interface increased remarkably after 500 cycles, as indicated by the arrows in Fig. 2d . The average size (diameter) of the cavities was estimated to be~0.6 μm from the images shown in Fig. 2b , but it increased to 0.9 μm after 500 cycles ( Fig. 2(c) ). Moreover, the density of the cavities increased from 1.85 × 10 13 to over 9.26 × 10 Cavity formation and crack initiation are common phenomena that often appear on the surface layer upon plastic deformation. Generally, the initial materials have no cracks before the fatigue fracture occurs. Two processes then happen: one is the initiation of microcrack or cavities; the other involves the crack propagation or cavity growth. In addition, most material failures occurring on the surfaces (fatigue fracture, fretting fatigue, wear and corrosion, etc.) are very sensitive to the surface structure and properties [13] . Fatigue fracture is preferentially initiated at near-surface cavities and interdendritic cavities, so that surface optimization may effectively enhance the overall properties of the materials. The number, size, and location of the cavities are crucial parameters, as they have strong influence on the fatigue life. The shape of the cavities can affect the fatigue crack initiation. Fatigue microcracks usually initiate at shrinkage cavities with sharp radii, and the dispersibility of the fatigue performance increases because of the presence of cavities. The experimental results in Fig. 1d indicate that, when the softening phenomenon caused by thermal cycling occurs, the cavities are likely to initiate near the grain boundary. Thus, the number and size of cavities increase dramatically with the increase in the number of cycles. Fig. 3 shows the TEM images of the Ti-6Al-4V alloy after 200 thermal cycles. The main dislocation patterns were heavy dislocation tangles, and the dislocation density greatly increased with the number of cycles. In addition, a few dislocation cells were also formed in other areas. The size of the cell wall was small (0.5 µm), but the wall of the dislocation cell was thick. The shape and size of the cells were not uniform, as shown in Fig. 3a . Thus, the apparent transformation of the dislocation patterns was more pronounced after 200 cycles. Between 100 and 200 cycles, the Ti-6Al-4V alloys were deformed, and the dislocations moved. Therefore, grain boundaries and dislocation density increased rapidly and simultaneously, owing to the generation of new dislocations. When the dislocation growth reached a certain degree, the dislocation lines entangled with each other, which led to difficulties in movement of dislocation lines, the dislocation motion resistance increased, showing hardening characteristics. Considerable black extinction contours, which were induced by the internal stress, were also observed in the samples after 200 thermal cycles (Fig. 3 b) . On one hand, this indicated that internal residual stress of high amplitude appeared in the sample after a certain number of thermal cycles. On the other hand, it also suggested that the thermal cycling process caused internal plastic deformation [14] . Notably, the initiation of microcracks and brittle fractures is likely to occur in stress concentration areas, leading to the degradation of the mechanical properties.
The plastic deformation of a metal is accompanied by the evolution of the dislocation structures. After 200 cycles, according to the dislocation patterns, the dislocation tangles irregularly emerged. The dislocation patterns are mainly composed of dislocation cells, which are observed after 300 cycles (Fig. 4a) . These dislocation cellular structures (dislocation cells, dislocation tangles) were caused by the thermal cycle process, which can lead to the plastic deformation of materials and facilitate the movement of the dislocations. The size of the dislocation cell increased remarkably (1.3 μm), but the cell wall was thin, and the orientation on both sides of the cell wall was not clear. Therefore, the dislocation density was significantly reduced, causing the softening of the Ti-6Al-4V alloy. A higher density of small defect clusters (with sizes generally below 10 nm) was observed in the Ti-6Al-4V samples after further thermal cycling. Fig.  4b shows the typical structure of the black spot defects in the dislocation cells. As there were no precipitated phases in TC4 after the thermal cycles, the black points did not comprise other phases. Moreover, according to the results of our previous studies, these black point defects were vacancy cluster defects, which were formed by the aggregation of supersaturated vacancy defects [15] . The thermal cycling process could promote a large number of vacancy defects, which could easily diffuse to the surface of the material during the heating process, causing the formation of cavities on the surface. Notably, for a number of cycles up to 300, the alloy exhibited significant emission or release of parallel dislocations, as indicated by the arrow in Fig.  4c . The dislocations typically emanated from grain boundaries, resulting in deformation stacking faults and twinning [16, 17] . Repeated thermal cycles can enhance dislocation emission and motion, thus facilitating the nucleation and coalescence of cavities, which can result in brittle fracture at low stress intensities. Dislocation emission from a crack tip has been one of the most fundamental processes for understanding the ductile-brittle behavior in crystalline materials. These dislocation emissions were likely to induce brittleness, and led to brittle microcrack nucleation and propagation. A microcrack was observed along the grain in the specific region shown in Fig. 4d , in good agreement with the above viewpoint. The appearance of microcracks was drastically detrimental to the properties of the material. The fatigue cracks formed as the result of localized plastic deformation during the thermal cycling process. The fatigue cracks nucleated preferentially at α/α or α/β boundaries located at the notched root. The presence of second-phase particles also resulted in local stress and strain concentrations, which is considered to favor microcrack initiation. Therefore, the microstructure of the Ti-6Al-4V alloy had a significant influence on the fatigue crack initiation and the incipient crack propagation. Fig. 5 shows the TEM images of the Ti-6Al-4V alloy after 500 thermal cycles. The dislocation cells transformed into a subgrain structure with an α phase interior, as shown in Fig. 5a . Fig. 5b shows that the boundaries are composed of regular arrays of dislocations, i.e., they were low angle grain boundaries (or sub-boundaries). Simultaneously, subgrains were formed, as indicated by the dash lines. Besides the subgrain structure, twin and jog structures were also formed within the α phase after 500 thermal cycles, as revealed by the TEM observations in Figs 5c and d. The selected area electron diffraction (SAED) pattern for the twin area (inset of Fig. 5c ) confirmed that thermal cycling did not cause the development of a martensitic α phase, but led to the formation of a twin structure [18] . The intense spot in the SAED pattern indicates the TC4 matrix, while the arrowed weak spot (1012) indicates the twin. According to the principle of electron diffraction, the reciprocal vector g (1012) was perpendicular to the twin plane, while the crystal plane normal direction was the same as the g direction. Therefore, the twin plane was (1012), which is the typical twin plane in hcp structures. The twinning direction was [1011] . The twin system was (1012) / [1011] . Dislocation slipping and twinning are two primary deformation mechanisms. Once dislocation slipping is successfully triggered in the crystal, twinning is correspondingly inhibited, because the stress required for twinning is usually higher than that necessary for slipping. Thus, some hcp metals with limited number of slip systems may preferably twin. During the thermal cycles, the structural change of the twin boundaries was intrinsically related to the change of the internal stress configuration in the individual grains. Moreover, lattice and twinning dislocations could either interact with each other or move towards lamellar boundaries, or deformation twin boundaries, being then pinned by them [19] . These processes may lead to local stress concentrations and formation of various substructures that may play an important role in accelerating effectively the local stress concentration and promoting the formation of microcracks [20] . The morphologies of jogs and twins are similar, but a magnified observation of jog boundaries shows that they are not as straight as the twin boundaries. Many dislocation steps are formed on the boundary, and they are a morphological characteristic of jogs. Notably, a complete row of atoms cannot be removed from, or added to, the extra plane of the edge dislocations. In practice, single vacancies or small vacancy clusters diffuse from or to the dislocation line. The effect is that a short portion of the dislocation line climbs up or down, resulting in the formation of two steps at the dislocation line; these steps are called jogs. Dislocations in metals highly deformed by thermal cycling are expected to contain many jogs, which are primarily formed during intersection with other dislocations. The thermal heating process induces the generation of jogs by absorption or emission of point defects. Both positive and negative climbs can occur by nucleation and motion of jogs; they are sources and sinks for vacancies. This mechanism is thermally induced because it responds to a supersaturation or undersaturation of point defects. At large undersaturations or supersaturations, this process becomes more pronounced.
The results in Figs 5b-d show that subgrain, twin, and jog structures can release parallel dislocations (indicated by the arrow), suggesting that these areas can easily become favorable locations for stress concentration. Obviously, these structure factors, caused by the microscopic stress and strain concentrations, become an important source to prompt microcrack initiation. In other words, the sources of microcrack initiation increase rapidly with the number of thermal cycles. On the other hand, because of the local crack tip stress concentration, the crack growth is expected to be facilitated. The increase in microcrack initiation sources increases the probability of interfingering during the microcrack propagation process, leading to the formation of a larger crack and failure of the material. However, for several reasons, including the small size of the TEM experimental observation area and the microcrack random distribution, microcracks were not observed in the TEM experiments after 500 cycles. More detailed experimental observations have been planned and will be conducted in the near future.
CONCLUSIONS
In this work, the mechanical properties and microstructures of the Ti-6Al-4V alloys subjected to thermocycling in a simulated LEO space environment were investigated. The hardness initially increased with the number of cycles, but then decreased. Grain boundaries easily became favorable locations for stress concentration and microcrack initiation. After 500 cycles, the dislocation cells disappeared, replaced by a subgrain structure, as well as intragranular twins and jogs. Grain boundaries, sub-boundaries, twin boundaries, and jog interfaces were preferred for local stress concentration and microcrack initiation. These results provide useful information for understanding the relationship between microstructural evolution and thermal fatigue, helping predict the material fatigue damage in a simulated LEO space environment.
